River discharge rates across all California's watershed have been modeled using the NASA version of the Carnegie-Ames-Stanford Approach (CASA) ecosystem model coupled with a surface hydrologic routing scheme previously called the Hydrological Routing Algorithm (HYDRA).
INTRODUCTION
The pathways and processes that affect runoff generation from a watershed result from a complex interaction of climate, topography, soils, land cover, and land use.
Since land cover influences soil moisture storage, water infiltration rates, and transpiration rates, differences in cover classification may strongly impact the simulation of runoff when using a watershed computer model. USA. Stream flows were predicted to increase due to increased urban and agricultural land use, while a shift from agricultural to forest land use was predicted to result in lower stream flow. Cao et al. (2008) found that under current land use conditions in New Zealand, both annual water yield and low flow are higher than in simulations of cover conditions that preceded human land use change or in a maximum commercial reforestation scenario. In a generalized modeling study, Miller et al. (2007a,b) reported that as watershed size and storm size increase, the impacts of land cover classification errors on predicted runoff from hydrologic models decrease.
Understanding the interacting effects of climate and land use on river flow rates is a necessary first step towards addressing a broader list of environmental concerns for California's river systems. Of chief concern are agricultural, Two hypotheses were tested in this study, which extend from the findings of previous papers cited above: † Modeled flow rates are consistently more accurate (compared to historical river flow records) in watersheds where satellite mapping specifies a more homogeneous land cover composition (mainly forest or shrubland) than in watersheds with highly mixed agricultural and urbanized land cover types. † Modeled flow rates are significantly less accurate (compared to historical flow records) in watersheds where river diversions for generation of hydroelectric power are prevalent, compared to rivers with no diversions for generation of hydroelectric power.
BACKGROUND ON CALIFORNIA'S SURFACE HYDROLOGY
California has a diverse landscape, made up of the widest range of climate, landforms, and rivers in the USA, as well as a long history of both extensive and intensive settlement and land use. From north to south, the state's surface hydrology is regulated by regional gradients of climate and human interventions. On average, more than 170 cm of precipitation falls annually in the mountains of northwestern California, while fewer than 10 cm falls in parts of the desert in the southeast portion of the State.
The North Coast hydrologic region is the wettest region of the state. Most of the precipitation falls as rain during winter storms, and persistent fog provides additional moisture throughout the summer. The basin's steep terrain results in a strong orographic effect along the coast.
The steep terrain and unstable soils in the North Coast hydrologic region also result in the highest sediment yields in the state (Mount 1995 Central California has a Mediterranean climate and, as a consequence, the majority of the precipitation falls in the winter and early spring (Lundquist et al. 2005) . Correspondingly, runoff occurs primarily between December and March in the Sierra foothills and Central Valley. In the upper reaches of the Sierra region, which is dominated by snowfall, runoff from snowmelt typically occurs between April and July (SFCCPD 2007) . Over half of California's water supply comes from the Sierra Nevada snowpack, so this contribution is critical to the state's water budget (Lundquist et al. 2005) .
In southern California, precipitation is scarce and highly variable in time and space. The intensity and frequency of flooding in this part of the state has been related to upstream urban development (Callaway & Davis 1993) . Where land cover has been converted from natural vegetation to built-up structures, the area of impervious ground cover and the velocity at which water runs off (Inman & Jenkins 1999) . As noted by Roos (1991) , and later elaborated by Dettinger & Cayan (1995) 
MODEL DEVELOPMENT OVERVIEW
The NASA-CASA is a model developed by Potter et al. (1993 Potter et al. ( , 2007 , which combines multi-year satellite and climate data from historical records or from general circulation models (GCMs) to estimate the biosphereatmosphere exchange of energy, water, and trace gases from plants and soils. Soil water balance in CASA is controlled by land cover type and soil rooting zone depth settings that are both derived from NASA satellite data sets. Soil water moves through 3-4 surface layers that freeze and thaw in cold regions according to empirical temperature algorithms. (Potter et al. 2007) . In locations where the USDA data sets on "depth to bedrock" was specified as greater than 1.25 m, forest land cover from MODIS data were assigned a rooting depth of 2 m. Otherwise USDA "depth to bedrock" values were specified as maximum plant rooting depth.
Because many forest soils in California are relatively shallow and underlain by thick layers of weathered bedrock (Witty et al. 2003) , the NASA-CASA model settings for soil water holding capacity were modified for coupled CASA-HYDRA simulations at high elevations. According to USDA depth to bedrock data, the forest rooting zone was set to 7 cm across the Sierra Nevada mountain range and maximum moisture holding capacity of surface soils was set at 0.27 cm per cm rooting depth (Potter et al. 2007 ).
Precipitation and snowmelt water in the model could be utilized for evapotranspiration by forest cover in the Sierra region for a maximum of one month after entry into the simulated rooting zone, which would reflect the low moisture retention capacity of weathered bedrock layers where forest roots may nevertheless penetrate to 1 m depth (Witty et al. 2003) .
Monthly climate data sets (surface temperature and precipitation) from DAYMET (Thornton et al. 1997 The SRM is a degree-day model that requires daily input for temperature, precipitation, and snow cover extent.
Additionally, the model has eight parameters which can either be derived from measurements or estimated by hydrological knowledge, taking into account the local basin characteristics, physical laws, and theoretical or empirical relationships. The SRM degree-day algorithm has been incorporated into the CASA-HYDRA model as described in the following section.
NEW CASA-HYDRA FEATURES FOR SNOWMELT Degree-day method
To improve CASA's snow melt algorithm, the following degree-day calculation was integrated into the model:
where S m is potential snow melt (cm), a is the degree-day factor (cm/8C·day) and T is the degree-days (8C·day).
Essentially, the degree-day factor converts the number of degree-days into a potential snow melt depth. For the degree-day factor, values calculated by Rice et al. (2007) were adopted, based on their studies in the Tuolumne and Merced River watersheds.
CASA uses inputs of monthly temperature data, which makes it problematic to calculate degree-days because using average monthly temperatures has the propensity to underestimate the true degree-day total. This is due to the fact that a temperature below the melt threshold will not subtract from the cumulative total of degree-days, but it can lower the average temperature. We refer to this potential underestimation as the degree-day difference.
To develop a method for estimating the degree-day difference, we analyzed daily DAYMET temperature data The points in each watershed were chosen so that they represented the elevation range of the study area of each basin, which is about 1,200 -4,000 m for the Merced River and about 800 -3,000 m for the American River. Additionally, the basins were chosen so that they captured the variability of the Sierra Nevada. The American River is in the northern Sierra where elevations are lower but precipitation is more plentiful. The Merced River watershed is in the southern Sierra, which experiences less precipitation, but it includes the highest elevations seen in the continental United States.
Our analysis revealed that two independent variables explained most of the variance in the degree-day difference.
These covariates are the average monthly temperature and the monthly temperature range. The scatter plot in Figure 1 shows the correlation between average monthly temperature and the degree-day difference. There is an obvious point of inflection at 38C, which is the threshold that we used to calculate degree-days, since it is the typical temperature at which snow melts early in the season (Martinec et al. 1998) . Table 1 .
In short, the average monthly temperature was used to make an initial degree-day calculation. A set of regression formulas were used to compute what degree-day difference needs to be added to the initial degree-day calculation so that it better approximates the true degree-day amount (T).
This degree-day total can then be multiplied by the degreeday factor (a) in order to calculate the potential melt depth (S m ). CASA simulates the snow pack depth (as snow water equivalence) for each pixel, so the potential melt depth is then subtracted from this amount and the result is added to the runoff total for that pixel.
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Figure 2 | Regression plots to predict the degree-day difference using two covariates, average monthly temperature at three different monthly temperature ranges (a) 0 -108C, (b) 11 -158C and (c) 16-208C. Circle symbols are for temperature values less than 38C and þ symbols are for temperature values greater than or equal to than 38C. Solid lines represent the best non-linear regression fit (Freund et al. 2003) to the data values, as described in Table 1 .
percentage of days within each month that are below the snow-rain threshold. The temperature data used here were described in the previous section of the paper, except that these records were restricted to the months of November through February. Previously, the CASA model would designate all the precipitation in a month as either all snow or all rain, depending on the average monthly temperature. Using a linear regression formula derived from the scatter plot in Figure 3 , the model now partitions the monthly precipitation into a percentage of snow and rain. This new approach mimics how precipitation that occurs near or slightly above freezing naturally falls as a combination of snow and rain.
An assumption that is inherent in using the percentage of days below and above the snow -rain threshold to partition precipitation into rain and snow is that precipitation has an equal chance of falling on any day of the month. However, there can be patterns that violate this assumption. For instance, our analysis of DAYMET precipitation data in the Sierra Nevada showed that only 10% of precipitation events in November occur within the first week of the month. Another pattern encountered was that daily average temperatures are roughly 0.58C (in December)
to 2.58C (in November) cooler on days that have precipitation events. These observations justify the refinement of snow -rain thresholds anywhere hydrologic flow estimations are undertaken in applications of the CASA model. 1982 -1990 Gauge station data sources and geographic distribution
MODEL EVALUATION: STATEWIDE RESULTS FOR
For comparisons to CASA-HYDRA predictions, California gauge station data for river flow rates was downloaded from the USGS (2008). These data represent actual gauge flow values that were not adjusted to simulate natural flows.
Excluding any gauge record that did not have at least 10 years of data, a total of 520 station records were found to have no missing data during our study period (1982 -1990) . The locations of each gauge in this set of 520 were compared to the predicted river courses in HYDRA.
The total number of gauge records was cut down to 354 after elimination all of the gauges that fall directly on a Average monthly temperature (°C) Figure 3 | Regression plot based on average monthly temperature for the proportion of days in a month (November-February, 19802003) for which daily average temperature was less than 18C. the cases where the watershed could not be correctly delineated from a 1-km grid, the location of the gauge station and the HYDRA river course were off by more than one pixel. However, there were also some situations where the gauge and the river corresponded, but there was an error (in at least 10% of the basin's total area) higher in elevation within the watershed. Out of the subset of 233 gauges, analysis was focused further on a total of 42 gauges that did not have any significant upstream diversions or dams on their river courses.
This organization and quality assessment of California river gauge data for model comparisons is in itself an original and unique contribution of our present study.
The historical comparisons that follow include analysis of 1983 1984 1985 1986 1987 1988 1989 1990 Sierra (91 points) 
BASIN-SCALE RESULTS AND ANALYSIS OF LAND COVER EFFECTS
Analysis of land cover impacts and related water management effects on prediction of historical river flows was 
North coast Eel River basin
The Eel River flows northwest though California's North
Coast and empties into the Pacific Ocean just south of Humbolt Bay (Figure 8(a) ). Originating in the center of the Mendocino National Forest, the main stem of the river flows for 322 km through a watershed that totals 9,450 km 2 (Mount 1995) . The highest elevations in the basin are just Over 65% of the basin is categorized as forest and a great majority of this area is evergreen coniferous forest (NLCD 1992) , including the Coastal Redwood for which the region is famous (Figure 8(a) ). Herbaceous grasses, which 
Northern Sierra American River basin
From its headwaters at the crest of the Sierra Nevada, the American River flows in a westerly direction for approximately 426 km until it converges with the Sacramento River in California's state capital (Mount 1995) , as shown in Figure 8 (b). The basin encompasses 5,591 km 2 and an elevation range from 3,170 m to nearly sea level (NAS 1995) .
In addition to being a crucial water source for numerous municipalities and irrigation districts, the American River is also the most heavily used recreational river in California Coniferous forests, which are concentrated in the upper elevations of the Sierra, comprise 54% of the basin.
Herbaceous grasses (6%), hardwood forests (15%), and shrub lands (8%) dominate the Sierra foothills (Figure 8(b) ).
The lowest reach of the American River meanders through Sacramento, CA, accounting for the largest contribution to the 10% of urban land use in the basin (Roy et al. 2006) .
Within this reach, which was formerly marshland, the river is almost exclusively confined by levees (NAS 1995).
Agriculture, which is concentrated in the Central Valley, comprises less than 1% of the American River watershed (Roy et al. 2006) .
The American River contains numerous dams and pipeline diversions, mainly for electric power generation.
Moreover, urban growth continues in Sacramento and in many small towns that dot the upper reaches of the basin.
The North Fork of the American River has been largely spared these urbanization impacts because of it relative inaccessibility and because it was designated a Wild and Scenic River in 1978 (NAS 1995).
At 9 Firstly, the CASA model has been used in previous studies of irrigation and fertilizer practices in California's major valley crop growing regions (Potter et al. 2001 (Potter et al. , 2003 . surfaces from which these processes occur (Beschta 1990 ).
The result is decreased losses of precipitation to evapotranspiration, and proportionately more water available to flow through a watershed. Wildfire can modify the infiltration and percolation (movement of water through soil) characteristics of a watershed by removing the organic litter layer (duff) and creating water-repellent layers. Finally, wildfires that reduce the vegetation cover may result in deeper snow packs that melt faster than normal (Skidmore et al. 1994) . Because the CASA-HYDRA model is build upon the foundation of a detailed and dynamic land cover data set from continuous satellite imaging, it is being applied to evaluate the impacts of changes in evapotranspiration, infiltration, percolation, and snow pack depth in large burned areas of California.
By successfully comparing the CASA-HYDRA model flow results to multiple years of actual river gauge records, this study has established the validity of our large-scale approach to surface hydrologic modeling in the climatically complex and highly managed water resource environment of California. Despite widespread water diversions of the State's river courses for cropland irrigation and electric power generation, careful interpretation of model-gauge flow comparisons can build the capacity to predict monthly and annual river discharge rates with high confidence.
